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This paper reports on a theoretical proposal for electrical creation of magnetic skyrmions on a
thin-film specimen of a multiferroic chiral magnet by local application of an electric field, instead
of an electric current, via an electrode tip. This method can be traced back to the mutual coupling
between skyrmion spins and the electric polarizations in multiferroics, and represents a unique
technique for use in potential skyrmion-based memory devices without Joule-heating losses.
PACS numbers:
FIG. 1: (color online). (a) Ground-state phase diagram of the
spin model (1) with J=3 meV, D/J=0.09, m=1 as a func-
tion of magnetic field Hz perpendicular to the plane. HL,
SkX, and FM denote helimagnetic, skyrmion-crystal, and fer-
romagnetic phases, respectively. (b) Magnetization configu-
ration of a skyrmion. In-plane (out-of-plane) components of
local magnetizations mi are represented by arrows (colors).
(c) Real-space map of local electric polarizations pi induced
by the skyrmion magnetizations underH‖[001]. (d) Relation-
ships between local mi vectors and induced local pi vectors.
Magnetic skyrmions, vortex-like topological spin tex-
tures realized in chiral magnets [1–3], are attracting ma-
jor research interest because they offer numerous advan-
tages for applications as information carriers in future
storage devices, including (1) nanoscale size, (2) topolog-
ically protected stability, (3) comparatively high transi-
tion temperatures, and (4) ultralow energy consumption
when driving their motion. Specifically, it was proved
that skyrmions in metals can be driven by a tiny elec-
tric current via spin-transfer torques, where the thresh-
old current density jc is five or six orders of magnitude
lower than that required to move other magnetic struc-
tures [4–10]. This finding stimulated research into novel
techniques to manipulate (write, delete, read, and drive)
skyrmions [11–13].
Metallic B20 alloys have been the only class of mate-
rials that have skyrmion phase. However, an insulating
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skyrmion phase was discovered for the first time in 2012
in Cu2OSeO3 [14–16], in which the noncollinear skyrmion
spin structure induces electric polarizations through rel-
ativistic spin-orbit interactions, and the system has a
multiferroic nature [14, 17]. This multiferroicity offers
an opportunity to manipulate skyrmions using electric
fields rather than electric currents [18, 19], which allows
us to further reduce energy consumption because electric
fields in insulators do not produce Joule-heating energy
losses.
To use multiferroic skyrmions as information carriers,
it is necessary to establish an efficient method to cre-
ate skyrmions using electric fields. In this paper, taking
Cu2OSeO3 as an example of a skyrmion-hosting multi-
ferroic material, we theoretically propose that skyrmions
can be created very rapidly (within a few nanoseconds)
on a thin film by applying a local electric field via an
electrode tip. The applied electric field induces the lo-
cal magnetization reversal required to form the topolog-
ical spin textures by modulating the spatial configura-
tions of the electric polarizations. This phenomenon can
be traced back to magnetoelectric coupling between the
swirling skyrmion spins and electric polarizations of rel-
ativistic origin. The microscopic mechanism is thus es-
sentially distinct from the spin-transfer torque, which is
the usual channel for electrical control of magnetism in
metallic magnets. Our proposal may potentially lead to
a unique technique for future skyrmion-based memory
devices.
The crystal structure of Cu2OSeO3 belongs to the chi-
ral cubic P213 space group, which is equivalent to B20
compounds but has different atomic coordinates [14].
There are two inequivalent Cu2+ sites with a nominal
ratio of 3:1; one is surrounded by a square pyramid of
oxygen ligands, while the other is surrounded by a trig-
onal bipyramid. The magnetic structure of Cu2OSeO3
consists of a network of tetrahedra, where each tetra-
hedron is composed of four Cu2+ (S=1/2) ions at the
apexes with a three-up and one-down type ferrimagnetic
spin arrangement below Tc∼58 K [20, 21].
A continuum spin model was proposed in 1980 to
describe the competition between the ferromagnetic-
exchange interaction and the Dzyaloshinskii-Moriya in-
teraction in chiral cubic magnets under an external mag-
netic field [22]. For a numerical treatment of this contin-
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2uum model, we divide the space into square meshes to ob-
tain a classical Heisenberg model on the two-dimensional
lattice [23]. The Hamiltonian of this lattice spin model
is given by,
H0 = −J
∑
<i,j>
mi ·mj − gµBµ0Hz
∑
i
miz
−D
∑
i
(mi ×mi+xˆ · xˆ+mi ×mi+yˆ · yˆ), (1)
where H=(0,0,Hz) is a static magnetic field perpendic-
ular to the plane. We use J=3 meV and D/J=0.09 to
reproduce the magnetic transition temperature (∼60 K)
and skyrmion size (∼50 nm) observed in Cu2OSeO3 [14].
All spin textures treated in this study have slow spatial
variations, and their spins are thus nearly decoupled from
the background lattice structure. This justifies our treat-
ment based on a spin model with coarse-grained magne-
tizations on the simple square lattice although the real
Cu2OSeO3 crystal has a rather complicated structure.
Figure 1(a) shows the ground-state phase diagram of
this model as a function of the magnetic field Hz normal
to the thin-film plane. We find that the helimagnetic
phase, the skyrmion crystal phase, and the field-polarized
ferromagnetic phase emerge successively as Hz increases.
The critical fields here are 486 Oe and 1632 Oe, respec-
tively. This theoretical phase diagram accurately repro-
duces successive phase transitions observed in thin-film
samples of Cu2OSeO3 at low temperatures [14].
Importantly, skyrmions in chiral magnets emerge not
only in crystallized form, as observed in the skyrmion
crystal phase [2, 3, 14, 15], but also as individual defects
in the ferromagnetic background [3]. These skyrmion
defects are also stable because of their topological pro-
tection. In the following, we demonstrate that isolated
skyrmions can be created by local application of an elec-
tric field to a thin-film sample via an electrode tip.
The noncollinear skyrmion spin texture in insulators
is expected to induce electric polarizations via relativis-
tic spin-orbit interactions. The emergence of skyrmion-
induced electric polarizations was indeed observed ex-
perimentally [14, 17]. When local magnetization mi =
(mia,mib,mic) is assumed for the ith crystallographic
unit cell, the cubic crystal symmetry allows the emer-
gence of local polarization in the following form:
pi = (pia, pib, pic) = λ (mibmic,micmia,miamib) . (2)
Here, the coefficient λ is evaluated to be λ=5.64 ×
10−27 µCm using data from the polarization measure-
ments [14, 17]. Using this formula, one can calculate the
spatial distributions of pi induced by the skyrmion mag-
netizations mi [Fig. 1(b)], which depends on the choice
of thin-film plane. In Fig. 1(c), calculated local direc-
tions of pi on the [001] plane are visualized. Comparison
of Fig. 1(b) with Fig. 1(c) indicates that the in-plane mi
induces a finite out-of-plane pi, while the out-of-planemi
does not induce pi as summarized in Fig. 1(d). We also
find that pzi > 0 when mi‖[110] or [1¯1¯0], while pzi < 0
when mi‖[11¯0] or [1¯10].
The coupling between magnetism and electricity of-
fers an opportunity to manipulate magnetic skyrmions
electrically by modulating the spatial distributions of
their electric polarizations. We investigate dynamic pro-
cesses of skyrmion creation under a local electric field
[see Fig. 2(a)] by micromagnetic simulations based on
the Landau-Lifshitz-Gilbert equation:
dmi
dt
= −mi ×Heffi +
αG
m
mi × dmi
dt
, (3)
where
Heffi = −
∂ (H0 +H′(t))
∂mi
. (4)
Here, H0 is the model Hamiltonian (1), while H′(t) rep-
resents the coupling between the local polarizations pi
and the electric field E, which is given by
H′(t) = −E(t) ·
∑
i∈C
pi. (5)
This equation combined with Eq. (2) describes the cou-
pling between the electric field E and the magnetizations
mi. The electric field E(t)=(0,0,Ez) is applied for a fixed
time to sites within a circular area C with diameter of 2r
sites [see Fig. 2(b)]. Calculations are performed using a
system of N = Nx × Ny sites with an open boundary
condition. The Gilbert damping coefficient αG is fixed
at 0.04.
Figures 2(c)-(n) show snapshots of dynamical processes
of electrical skyrmion creation simulated for Hz = 1632
Oe, Ez = −8.52 × 109 V/m, (Nx, Ny)=(320, 320) and
2r = 80 sites. The relevant area with 180×180 sites
around the E-field area is magnified. The z axis is set to
be parallel to H‖[001]. Local application of the E-field
to a uniform ferromagnetic state with mzi > 0 causes
local reversal of mi to mzi < 0 at a small spot within
the E-field area [Fig. 2(c)]. This mi-reversed spot grows
into a line-shaped structure [Fig. 2(d)], which has a finite
skyrmion number Q = −1. Therefore, if we switch off the
E-field at this point, we obtain a single skyrmion after
relaxation of the spatial distribution of mi, as shown in
the process of Figs. 2(c)→(d)→(g)→(h).
However, if we continue to apply the E-field, this mi-
reversed line becomes kicked out of the E-field area be-
cause the area of mz = −1 with pz∼0 is energetically
unfavorable under the condition of Ez < 0, and breaks
into two parts; the first is a skyrmion seed with per-
fectly reversed mi, while the other is a magnetic droplet
with imperfect mi reversal [24]. The skyrmion number
is Q = −1 for the skyrmion seed, but it is zero for the
magnetic droplet. The total skyrmion number is thus
conserved upon collapse of the mi-reversed line. If we
switch off the E-field at this point, the skyrmion seed
grows into a skyrmion, whereas the magnetic droplet
vanishes or is absorbed by the skyrmion seed. Eventu-
ally, we obtain a single skyrmion again, as shown in the
3FIG. 2: (color online). (a) Schematic of skyrmion creation via local application of an electric field using an electrode tip.
(b) System of N=320 × 320 sites under static magnetic field H‖[001] with an open boundary condition that was used for
the numerical simulations. An electric field E=(0, 0, Ez) is applied to sites within the area indicated by the dashed circle
with diameter of 2r. (c)-(n) Simulated spatiotemporal dynamics of the magnetizations mi for the electrical skyrmion creation
process. The relevant area of 180 × 180 sites around the E-field spot is magnified.
process of Figs. 2(c)→(d)→(e)→(k)→(l)→(m)→(n). If
we continue to apply the E-field, the magnetic droplet
then grows into a skyrmion seed with perfect mi reversal
[Fig. 2(f)]. In this case, we obtain a pair of skyrmions
after the E-field is switched off, as shown in the process
of Figs. 2(c)→(d)→(e)→(f)→(i)→(j). We can therefore
control the number of skyrmions created by tuning the
duration of the E-field application.
We find that the local reversal of mi is a key element
in the creation of the topological skyrmion texture. Fig-
ures 3(a)-(d) show the mi reversal process induced by
the E-field; the two upper panels are simulated snap-
shots of the mi and pi distributions, while the two lower
panels are schematics of the mi and pi alignments in the
relevant areas indicated by the dashed lines in Fig. 3(a).
Initially, the mi vectors are uniformly oriented in the
H‖[001] direction, and the polarizations pi are thus uni-
formly zero [see Fig. 3(a)]. When we apply a negative
E-field with Ez < 0, the mi vectors near the periphery
of the E-field area begin to rotate to point in the in-
plane directions ([1¯10] or [11¯0] direction) [see Fig. 3(b)],
because the pzi < 0 induced by the in-plane-oriented
mi are favorable when Ez < 0. This mi-rotation oc-
curs in the clockwise (CW) direction around the periph-
ery upon propagation in the [110] direction, indicated
by solid arrows, because it is energetically favored by
the Dzyaloshinskii-Moriya interactions of Eq. (1) when
D > 0. This type of mi reorientation, however, nec-
essarily causes rotating mi alignments in the counter-
clockwise (CCW) direction inside the E-field area [see
Fig. 3(b)], which are energetically unfavorable for the
Dzyaloshinskii-Moriya interactions. To resolve this en-
ergy cost, the mi at a specfic site, indicated by the solid
circle in Fig. 3(c), flops to be reversed and thus make
the rotation sense clockwise. This nucleated mi-reversed
spot immediately grows into a line-shaped area as shown
in Fig. 3(d).
Our simulations demonstrate that an isolated
skyrmion can also be created in the helimagnetic state.
Figures 4(a)-(l) show snapshots of the mi and pi
distributions for the simulated dynamical process of
electrical skyrmion creation in the helimagnetic state
with propagation vector q‖[110]. In this case, we set
Hz=486 Oe, Ez = 1.2 × 1010 V/m, (Nx, Ny)=(288,
288), and 2r = 40 sites. We find that the sign of
Ez must be chosen appropriately, depending on the
q vector, to create a skyrmion in the helimagnetic
state. The helical q vector in a chiral cubic magnet like
Cu2OSeO3 tends to be oriented in the [110] or [1¯10]
direction on the [001] plane because of the higher-order
magnetic anisotropy. We also note that the sign of
Ez determines the sign of pzi and subsequently the
direction of the in-plane-oriented mi. A skyrmion can
be created when the in-plane-oriented mi in the E-field
4FIG. 3: (color online). Dynamical process of the E-field-induced local magnetization reversal. Snapshots of simulated spatial
distributions of the mi and pi vectors are shown in the upper panels, while schematics of their alignments within the relevant
area are shown in the lower panels at selected times: (a) t=0, (b) t=0.022 ns, (c) t=0.044 ns, and (d) t=0.11 ns. The spatial
spot at which nucleation of the mi reversal occurs is indicated by a solid circle in the lower panel of (c).
FIG. 4: (color online). Snapshots of simulated spatiotemporal dynamics of magnetizations mi (upper panels) and polarizations
pi (lower panels) for electrical skyrmion creation on a helimagnetically-ordered thin film. The E field is applied locally to sites
within the circular area indicated by the dashed circle in (a), with diameter of 2r=40 sites.
area is perpendicular to the in-plane components of the
helically ordered mi, or is equivalently parallel to the q
vector, which efficiently cuts the helimagnetic alignment
of mi to create a skyrmion seed. Ez should therefore be
positive (negative) when q‖[110] (q‖[1¯10]).
In summary, we have theoretically demonstrated that
by using magnetoelectric coupling in multiferroic chi-
ral magnets, isolated magnetic skyrmions can be created
electrically through local electric-field application via an
electrode tip on ferromagnetically- or helimagnetically-
ordered thin-film samples under H‖[001]. To date the
creation of skyrmions in spin-polarized scanning tunnel-
ing microscopy has been successfully demonstrated on a
metallic sample [25], which indicates that the experimen-
tal technique required to realize our proposed method
is already established. The proposed method, which is
based on an electric field in an insulator, is free from
Joule-heating losses and is thus expected to be useful for
future spintronics applications of multiferroic skyrmions
in high-efficiency magnetic storage devices. While the
simulations presented here were all performed at T=0,
the proposed mechanism is expected to work at finite
temperatures below Tc. Also, thermal fluctuations may
reduce the threshold E-field strength for mi-reversal by
5reducing the free-energy barriers. However, Tc of ∼58 K
for Cu2OSeO3 is quite low for real device applications,
and further research to identify suitable materials with
higher Tc values is needed.
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